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Abstract
Background—Extensive experimental data in animals indicate that exposure to polychlorinated
biphenyls (PCBs) during pregnancy leads to changes in offspring immune function during the
postnatal period. Whether developmental PCB exposure influences immunologic development in
humans has received little study.

Methods—The study population was 384 mother-infant pairs recruited from two districts of
eastern Slovakia for whom prospectively collected maternal, cord, and 6-month infant blood
specimens were available. Several PCB congeners were measured in maternal, cord, and 6-month
infant sera by high-resolution gas chromatography with electron capture detection. Concentrations
of IgG-specific anti-haemophilus influenzae type b, tetanus toxoid, and diphtheria toxoid were
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assayed in 6-month infant sera using ELISA methods. Multiple linear regression was used to
estimate the relation between maternal, cord, and 6-month infant PCB concentrations and the
antibody concentrations evaluated at 6-months of age.

Results—Overall, there was little evidence of an association between infant antibody
concentrations and PCB measures during the pre- and early postnatal period. In addition, our
results did not show specificity in terms of associations limited to a particular developmental
period (e.g. pre- vs. postnatal), a particular antibody, or a particular PCB congener.

Conclusions—At the PCB concentrations measured in this cohort, which are high relative to
most human populations today, we did not detect an association between maternal or early
postnatal PCB exposure and specific antibody responses at 6-months of age.

Introduction
Polychlorinated biphenyls (PCBs) are ubiquitous compounds that were produced as complex
mixtures for a variety of applications which included dielectric fluids for capacitors and
transformers, and as additives to paint, adhesives, sealants, and carbonless copy paper.1
PCBs are chemically stable and lipophilic and as a result, are not easily degraded or
metabolized, and their concentrations thereby tend to bioaccumulate up the food chain.
Despite a general decline in PCB levels in human tissues worldwide,2 there is still concern
about their potential health effects, particularly among populations exposed through
environmental contamination3-5 or those populations whose diet includes consumption of
PCB contaminated seafood.2, 6

Much of the concern over the potential health effects of PCBs stems from their structural
similarity to 2,3,7,8-tetrachloro-dibenzodioxin (TCDD)—which demonstrates strong
immunotoxic effects in experimental studies. Dioxin-like PCBs, or those with a planar or co-
planar configuration, appear to affect the immune system by binding the aryl hydrocarbon
(Ah) receptor.7-9 Less is known about the potential immunotoxic effects of non dioxin-like
PCBs, or the so called “non-coplanar” PCBs. Since these compounds do not bind as strongly
(if at all) to the Ah receptor, it is thought that they are significantly less immunotoxic.
However, recent experimental work by Lyche and colleagues10, 11 demonstrated that
neonatal immunity to several environmental microbes was reduced in goat kids following in
utero exposure to PCB-153, a non-coplanar PCB.

T cell-dependent functional measures of immunity, such as vaccination response, serve as
valuable biomarkers to assess potential developmental immunotoxicity.12, 13 Indeed, some
epidemiologic evidence suggests that both dioxin-like and non dioxin-like PCBs affect
responses to vaccinations in infants and children. For instance, in a cohort of Dutch infants
environmentally-exposed to PCBs, antibody levels to measles, mumps, and rubella were
assessed when children were 18- and 42-months of age and some associations between
elevated maternal and cord PCBs and decreased antibody levels at 42-months were noted.14,
15 Other evidence comes from two cohorts of children followed in the Faroe Islands, which
examined pre- and postnatal PCB exposures in relation to diphtheria and tetanus vaccine
responses.16 In this study, the authors noted lower concentrations of diphtheria and tetanus
antibodies in relation to higher pre- and postnatal PCB exposures, even after adjusting for
several potential confounding factors. To our knowledge, the relation between antibody
response and in utero and early postnatal PCB exposures in humans has only been examined
in these two populations.

To better understand the role of PCBs on children's development, we initiated a cohort study
in 2002 enrolling mother-infant pairs from two districts in eastern Slovakia: Michalovce, a
district home to a chemical manufacturing facility that produced PCBs from 1959 to 1984
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and resulted in significant environmental contamination; and Svidnik, an area approximately
70 km to the northwest with significantly less contamination. Exposure to PCBs in this
population appears to occur, at least in part, through consumption of fats from locally-
produced sources.17 In a previous analysis of mother-infant pairs from these districts, higher
maternal PCB concentrations were associated with smaller thymus size in newborn infants,
18 suggesting that infant immune development might be altered by in utero exposure to
PCBs at concentrations present in this population. The current paper reports on pre- and
postnatal PCB concentrations in relation to functional measures of immunity (post-
vaccination antibody response) among 6-month-old infants in this eastern Slovak
population.

Methods
Sample selection, specimen collection, and follow-up

Women were approached to participate in our study between 2002 and 2004 at the time they
came to the local hospital in either Michalovce or Svidnik to deliver their child, and since
each district has only one hospital, the vast majority of women delivering during this period
delivered at these two hospitals. There, research nurses explained the details of the study,
and answered any questions the mother might have about study procedures. The mother was
then presented with a consent form which further described the details of the study and was
asked to read it over. After having the opportunity to ask questions, she was asked to sign
the consent form if she agreed to participate. All forms of communication were in Slovak.
The protocol excluded 1) mothers with more than four previous births, 2) mothers less than
18 years of age, 3) mothers who had resided fewer than 5 years in their district, and 4)
mothers with a major illness during pregnancy. Following birth, we also excluded mothers
whose infants had severe birth defects. In total, 1134 women were enrolled (811 in
Michalovce and 323 in Svidnik). The study protocol was approved by Institutional Review
Boards at the University of Washington, the University of California at Davis, and the
Slovak Medical University.

Once a woman provided written consent, a note was made in her medical chart to have
maternal and cord blood specimens collected. Two 9-ml vacutainer tubes were used to
collect serum for PCB and lipid determination. After collection, these tubes were
refrigerated between 5 and 10°C, and within 2 hours of collection, transferred to the
hospital's Department of Biochemistry for further processing. There, samples were allowed
to clot, then centrifuged at 3000 rpm for 15 minutes to isolate serum. For the determination
of PCBs, approximately 3 ml of the serum was pipetted into an 8 ml glass tube, and
approximately 0.2 ml of serum was transferred to a 1.5 ml microcentrifuge tube for lipid
determination. After the serum samples were aliquoted, samples were frozen at −20°C for
future analyses.

Following delivery, cord blood was also collected for PCB and lipid analysis. The infant
was held at the level of the introitus or mother's abdomen to prevent a significant shift of the
infant's blood volume. As soon as possible after suctioning, the cord was clamped and cut to
5 cm from the infant's abdomen. After the infant was dried and stabilized and the umbilical
base appeared normal, an umbilical clamp was secured to the cord 1 to 2 cm distal to the
abdominal wall, and any excess length was cut. Blood from the cord was collected into
vacutainers for further processing, and after centifugation serum was aliquoted in a manner
similar to that of the maternal specimens.

When the child was 5 months of age, each mother was sent reminders and requests to
schedule an appointment for the 6-month follow-up. The 6-month visit took place at the
respective hospital in the Department of Pediatrics. During the visit, approximately 9 ml of
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blood was collected for PCB, lipid, and immune assays at 6-months, and samples were
processed in a manner similar to the maternal and cord blood. For immune assays,
approximately 500 μl of the serum was aliquoted into each microcentrifuge tube (2 tubes
total), and stored frozen at −20°C. At age 6-months, 971 mother-infant pairs were still
participating in the study (86%).

PCB measurement
From the maternal, cord, and 6-month infant serum samples, we determined the wet-weight
concentrations (in ng/ml) of 15 PCB congeners [International Union of Pure and Applied
Chemistry (IUPAC) numbers 28, 52, 101, 105, 114, 118, 123+149, 138+163, 153, 156+171,
157, 167, 170, 180, and 189]. PCB concentrations were determined at the Department of
Toxic Organic Pollutants at the Slovak Medical University in Bratislava. This laboratory
serves as the National Reference Laboratory for Dioxins and Related Compounds for the
Slovak Republic, and regularly participates in interlaboratory comparison tests, such as the
Intercomparison Programme (German External Quality Assessment Scheme) and the
Interlaboratory Quality Assessment coordinated by the World Health Organization. The
procedure for determination of PCB concentrations involved extraction, cleanup, and
quantitation by high-resolution gas chromatrography with electron capture detection (GC-
ECD), as described below.19, 20

First, samples were extracted on a solid-phase extraction column, using PCB-174 as an
extraction standard. Samples were then extracted from the dry column with n-hexane—
DCM (1:1, v/v), and concentrated under a nitrogen stream. Samples were then purified on a
florisil-H2SO4/silica gel column. After washing the column, analytes were eluted with
hexane. The eluate was concentrated by vacuum rotary evaporation. PCB-103 was added as
an injection standard, and an aliquot was injected and analyzed on a chromatography system
(HP 5890; Hewlett-Packard, Palo Alto, CA, USA) equipped with a Ni-63 electron capture
detector using a 60-m DB-5 capillary column (J&W Scientific, Folsom, MA, USA).
Quantification was based on the calibration curve generated by authentic PCB standard
solutions at five different concentration levels. Quality control activities consisted of
analyses of samples in batches of 10 run simultaneously with a blank sample and in-house
reference material (spiked porcine serum). To check the daily response of the detector prior
to batch sample analysis, response for a particular congener in a standard solution had to be
in the range of 90–110%, or additional quality control procedures were initiated. We
calculated the limit of detection (LOD) for each analyte using the ratio of background to
noise (multiplied by three) and the peak height of the analyte in standard solution.

Lipid measurement
We estimated total serum lipid (TL) concentrations in maternal, cord, and infant serum
samples using the enzymatic summation method proposed by Akins and colleagues.21 We
measured serum total cholesterol (TC) and triglyceride (TG) concentrations at the
Department of Clinical Biochemistry of TOPMED General Hospital Bratislava using a
DuPont Automatic Clinical Analyzer III (DuPont, Jonesboro, AR, USA), and cholesterol
oxidase without cholesterol esterase was used to detect free cholesterol (FC). The method by
Takayama et al.22 was used to determine serum choline-containing phospholipids (PL).
Total serum lipids were calculated using the formula:
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Post-vaccination antibody response
During the first 6-months of life, Slovak infants receive several mandatory primary
vaccinations which include haemophilus influenzae type b (HIB), tetanus toxoid (TT), and
diphtheria toxoid (DT). The first dose for all three primary vaccinations is given
concurrently at 3-4 months of age. A second dose is given at approximately 5-6 months of
age, and the final dose of the primary series is given between 11 and 12 months of age. To
determine the antibody response to these vaccinations at 6 months of age, we performed
immunologic assays on a subset of the 971 infants still enrolled in the study at 6-months.
Based on estimates of the partial correlation between antibody concentrations and PCBs
from previous studies,14, 16 we selected 40% of the 6-month infant samples for analysis
(n=384) to ensure adequate power to examine hypotheses related to post-vaccination
antibody response and PCB concentrations. To select the subset of 384 infants, we randomly
sampled mother-infant pairs within strata defined by total maternal PCB concentrations: 1)
less than the 75th percentile; 2) between the 75th and 85th percentile; 3) between the 85th and
95th percentiles; and 4) greater than the 95th percentile. Within these 4 strata, we randomly
sampled approximately 25, 75, 75, and 90% of subjects, respectively, to arrive at our
targeted sample size. We sampled subjects based on maternal PCB concentrations (rather
than cord or infant PCB concentrations) because the potential health effects of in utero PCB
exposure was one of the main hypotheses of the study. This stratified random sampling
maximized statistical power by oversampling mother-infant pairs with higher total maternal
PCB concentrations. At the analysis stage, we adjusted for this design by applying
normalized weights in all regression models (described below).

ELISA analyses were conducted at the Department of Immunology and Immunotoxiocology
at the Slovak Medical University. Commercial ELISA kits were purchased from The
Binding Site (Birmingham, UK) to quantify anti-tetanus toxoid (Kit # MK010), anti-
diphtheria toxoid (Kit # MK014), and anti-haemophilus influenzae type b (Kit # MK016)
antibodies. Each ELISA assayed anti-IgG levels specific to each antigen, since the IgG
isotype 1) makes up approximately 75% of the immunoglobulin isotypes in blood,23 and 2)
has been the outcome examined in other studies14-16 of PCB exposure and antibody
response.

Data collection
At birth, mothers completed a questionnaire that included sociodemographic information,
questions related to maternal health and medication use, family living environment, past
pregnancies, and tobacco use. From the infant's medical record, we abstracted child's birth
weight and gestational age, the latter based on last menstrual period reported in the medical
records and the judgment made by the woman's physician. We also estimated a standardized
measure of birth weight, which was expressed as a Z-score standardized for sex, parity, and
gestational age based on all births in Slovakia in 2004. To collect information on the dates of
any vaccinations during the first 6-months after birth, we abstracted data from 6-month
pediatric medical records. At the child's 6-month visit, mothers completed another
questionnaire to update information, with specific collection of questions about the home
environment of the child, breastfeeding, illnesses the child had, and smoking habits of
persons in the household. Data from this questionnaire were used to estimate the duration of
breastfeeding up to age 6-months.

Statistical analyses
Selection of PCBs—In maternal, cord, and 6-month serum samples, we selected six, four,
and four congeners, respectively, to evaluate in relation to antibody response. This decision
was based on having <20% of samples below the limit of detection (LOD) for the congener.
In maternal samples, these were PCB congeners 118, 138+163, 153, 156+171, 170, and 180.
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In both cord and 6-month infant samples, these were PCB congeners 138+163, 153, 170, and
180. When an individual value was <LOD, we assigned the value as the LOD divided by the
square root of 2.24 For maternal, cord, and 6-month PCB concentrations, the corresponding
“sum” variable is the sum of these six, four and four congeners, respectively.

Selection of potential confounding variables—To select potential confounding
variables for our regression models, we employed Directed Acyclic Graphs (DAGs).25, 26

This method provides a graphical approach to causal modeling which allows one to identify
a minimally sufficient set of adjustment variables that will adequately reduce confounding
while avoiding adjustment for inappropriate variables, which may actually induce
confounding. To do this, two separate DAGs [one for perinatal (maternal/cord) and one for
postnatal exposure] were created. We did not consider separate DAGs for individual PCB
congeners or antibodies as we regarded the causal structure of these models to be similar.
Thus, we selected two different sets of confounders for our models. These were: 1) ethnicity
(Roma vs. other), maternal smoking before or during pregnancy (yes/no), and maternal age
at child's birth (years) for maternal and cord PCB models; and 2) sex, ethnicity (Roma vs.
other), maternal smoking at 6 months (yes/no), maternal age at child's birth (years), and
infant age at the time of 6-month blood draw (days). In secondary analyses, we also adjusted
for: child's age (days) (maternal and cord PCB models), number of vaccine doses received (1
vs. 2), time since most recent vaccination (days), infant sex (maternal and cord PCB
models), and Z-score birth weight, in addition to those variables already in our primary
models formed by the DAG. Variables for our secondary models were selected from other
potential confounders reported in the literature,16 and from variables noted in our DAGs to
be predictors of the outcome, but which did not necessarily meet the criteria of a
confounder, i.e., were not associated with PCB concentrations.

Multivariate methods—To estimate and test associations between PCB concentrations
and post-vaccination antibody response, we fit linear regression models using the
SURVEYREG procedure in SAS (version 9.1; SAS Institute, Inc., Cary, NC, USA). This
procedure was chosen because the 384 6-month-old children in whom we measured
antibody concentrations were not selected by simple random sampling from the full cohort
at 6-months. Specifically, the SURVEYREG procedure allows for 1) the application of
weights to the regression model (which are inversely proportional to the sampling
probabilities of each stratum), and 2) valid measures of variance based on the stratified
sampling design, which is necessary given the potentially greater homogeneity within our
sampling strata. When weights are applied to the regression analysis, the results are as if the
sample of 384 children was drawn completely at random from the 971 children participating
at the 6-month follow-up. Thus, any potential bias created by the stratified sampling
procedure is removed.

To reduce the potential influence of outlying values, exposure was the natural log
transformation of the wet-weight concentration [in ng/ml (ppb)] of PCBs. In addition, all
antibody response measures were transformed by the natural log to ensure homogeneity in
error term variance. We excluded a small proportion of infants who did not receive (or for
whom no report was found in their medical record) at least one vaccination of HIB, TT, or
DT, or who were more than 7 months of age at the time of the 6-month blood draw. Results
from multivariate analyses are expressed as the percent change in antibody concentration for
a change in PCB concentration across the interquartile range, i.e. the 25th to the 75th

percentile.
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Results
Study subjects

Table 1 presents descriptive data for the subset of 384 mother-infant pairs selected for
immunologic assessment and the 971 mother-infant pairs participating at the 6-month
follow-up. In the 384 mother-infant pairs, slightly more male infants were in the study
sample, and approximately 45% of women were nulliparous. Thirty-seven percent of women
reported breastfeeding their child through the first 6 months of life, whereas only 4% of
women reported no breastfeeding. Approximately 1 in 5 infants was of Romani ethnicity,
and 74% of mothers were between 20 and 30 years of age at their child's birth. Additionally,
38% of women reported smoking before or during pregnancy, and at the 6-month follow-up,
24% of mothers reported smoking. Overall, characteristics for the 384 women and infants
we selected were similar to those still participating in the overall cohort at 6 months.

PCB concentrations
Descriptive data for maternal, cord, and 6-month PCB concentrations are presented in Table
2 on a wet-weight basis (ng/ml), and to facilitate comparisons with other studies, on a per-
lipid basis (ng/g lipid). In the selected subset of 384 mother-infant pairs, cord and 6-month-
infant PCB measurements were available for 376, and 246 infants, respectively. Compared
to the non dioxin-like PCBs (PCB congners 138+163, 153, 170, and 180) which were
detected in nearly all maternal samples, the mono-ortho-substituted dioxin-like congeners
PCB-118 and PCB-156+171 were below the limit of detection in 12% and 2.6% of samples,
respectively. PCB-153, the congener with the highest concentration in our population, had a
median concentration of 153, 122, and 138 ng/g lipid in maternal, cord, and 6-month
samples, respectively.

As expected, (natural log) PCB concentrations were strongly associated both within
sampling periods (i.e. maternal, cord, and 6-month) and across sampling periods. In
maternal samples, PCB congeners 138 and 153 were strongly associated (r=0.99, p<0.0001)
as were PCB congeners 170 and 180 (r=0.99, p<0.0001); a similarly strong association was
noted for these congeners in cord and 6-month infant samples. Maternal PCB-118 showed
the weakest association with other maternal congeners and total maternal PCBs—although
not insignificant—with correlation coefficients between 0.72 and 0.79 (p<0.0001).
Examining the associations between PCB concentrations across sampling periods, total
maternal PCBs were associated with total cord PCBs (r=0.91, p<0.0001), but associations of
total maternal PCBs with 6-month total PCB concentrations were more moderate (r=0.51,
p<0.0001), and similarly of total cord with total 6-month PCB concentrations (r=0.50,
p<0.0001).

Post-vaccination antibody concentrations
Of the 384 infants selected for immunologic analysis, 350 (91%) had blood specimens
collected before 7 months of age; of these, 334 received the first dose each for HIB, TT, and
DT prior to the 6-month blood draw for this study, and are included in our analysis. For 14
infants, the date of the first vaccination was later than the 6-month blood draw, and for 2
infants, the date of the first vaccination was not known, or the infant wasn't immunized. The
first two doses of all three vaccines were completed for 284 children (85%); 63 children
were given the second dose after blood was drawn at age 6-months, and for 3 children either
the date of secondary vaccination was missing or the child was not immunized. In those 284
infants who received two doses of vaccine, protective levels of anti-haemophilus influenza
type b (≥1 μg/ml), anti-tetanus toxoid (≥0.1 IU/ml), and anti-diphtheria toxoid (≥0.1 IU/ml)
were reached in 79, 98, and 88% of children, respectively. Post-vaccination antibody
concentrations were moderately correlated across specific vaccines both in infants who
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received 1 dose of each vaccination (rHIB and TT=0.65; rHIB and DT=0.43; rTT and DT=0.58,
p<0.01 for all) and in infants who received 2 doses of each vaccination (rHIB and TT=0.55;
rHIB and DT=0.35; rTT and DT=0.43, p<0.0001 for all).

Adjusted associations between PCBs and post-vaccination antibody concentrations
Overall, there was not strong evidence for an association between pre- or postnatal PCB
levels and antibody concentrations measured at 6-months of age, and confidence intervals
were wide (Table 3). Furthermore, the results lacked any consistent pattern that would
indicate specificity of an association for a particular window of exposure, congener, or a
particular antibody.

We also fit models for maternal, cord, and infant 6-month PCBs where we adjusted for
child's age at the time of blood draw (maternal and cord PCB models), number of vaccine
doses received, time since most recent vaccination, infant sex (maternal and cord PCB
models), and Z-score birth weight, in addition to the variables in our primary model.
Overall, our results did not change appreciably with the addition of these variables, and no
noteworthy associations were observed after the additional covariates were included into the
model.

Discussion
We observed little evidence of an association between measures of PCB exposure during the
prenatal and early postnatal period and post-vaccination antibody concentrations measured
at 6-months of age. These null findings were consistent across the various sampling periods
of PCB concentration (maternal, cord, and 6-month infant), and our results showed no
consistent pattern with regard to a particular congener or the various antibodies assayed.

Much of the experimental work concerning the potential effects of TCDD and PCBs on the
immune system has shown these compounds to be immunosuppressive, both in vivo and in
vitro (though there are notable exceptions27). For TCDD, these findings include thymic
atrophy and suppression of B-cell responsiveness,28, 29 and most relevant, decreases in
antibody response in relation to gestational exposure to TCDD.30 Existing epidemiologic
evidence also supports the potential immunosuppressive effects of PCBs. For instance, in
the same cohort of Slovak infants, Park and colleagues18 found lower thymic indices among
newborns with higher total maternal PCB concentrations. In a study of Dutch infants
environmentally-exposed to PCBs, 207 infants were followed longitudinally with
immunologic assessments of antibody levels to measles, mumps, and rubella at 18 and 42
months of age.14, 15, 31 At age 18 months, these authors found no association between pre-
or postnatal PCB exposure and any of the antibody levels. However at 42-months, antibody
levels to mumps were inversely associated with total maternal PCB concentrations (r=
-0.17), and antibody levels to rubella were inversely associated with cord total PCB
concentrations (r= -0.19). A recent study from the Faroe Islands also examined preand
postnatal PCB exposures in relation to antibody levels among two cohorts of 129 and 119
children.16 Results across the two cohorts were relatively consistent, and suggested that PCB
exposures, particularly during the early postnatal period, were associated with lower
antibody responses to diphtheria and tetanus vaccines. The authors estimated a 24% lower
diphtheria toxoid antibody level at age 18 months for each doubling of prenatal PCB
exposure, and a 17% lower level of tetanus toxoid antibody at 7 years of age for each
doubling of prenatal PCB exposure. An inverse association was also observed for maternal
dioxin-like exposures and diphtheria antibody concentration, but not for tetanus.16 Given the
consistency of these immunosuppressive findings across studies, how can our null findings
be reconciled?
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One possibility concerns the age at which we assessed antibody response. At 6 months of
age, the infant immune system is developing rapidly, but it is still immature. For instance,
although infants are able to produce IgG-specific antibodies from the time of birth (and even
in utero), adult-like IgG repertoires and antibody concentrations do not develop until slightly
later in infancy, beginning at approximately 8 months of age.32 As a result, it may be
difficult to detect a “signal” at a time when the immune response lacks the same quality and
magnitude of a response later in infancy. Considering age at assessment in terms of the
existing literature on PCBs and antibody response, in both the Dutch and Faroe Islands
cohorts, infants and children were examined later in development: at 18 and 42 months in
the Dutch study, and at 18 months and 7 years of age in the Faroe Islands cohort.
Immunosuppressive associations were observed at both 18 months and 7 years in the Faroe
Islands study, and at 42 months in the Dutch study, but not at 18 months, suggesting the
possibility that age of assessment may play a role in the ability to detect an association
between PCB exposure and antibody response.

A second consideration is that comparisons between our study and the results of the Faroese
and Dutch cohorts must take into account the levels of maternal PCB exposure among
participants. In our study, we observed maternal PCB-153 concentrations of 153 ng/g lipid;
concentrations similar to those in the United States during the 1950's and 1960's when PCBs
were still being produced.33, 34 In comparison, PCB-153 concentrations in the Faroe Islands
cohort (where immunosuppressive associations were observed) were approximately 3 times
greater (450 ng/g lipid).16, 34 When a benchmark dose analysis was performed by Heilmann
and colleagues,16 they estimated the lower 95% confidence limit for prenatal PCB exposure
to be 1.14 μg/g lipid for diphtheria antibody measured at age 18 months. If we estimate
prenatal PCB exposure based on the formula used by Heilmann and colleagues (2-times the
sum of maternal PCB-138, 153, and 180), a concentration of 1.14 μg/g lipid corresponds to
approximately the 75th percentile of maternal PCB exposure in our population. Thus to the
extent that there is a threshold for prenatal PCB exposure and early postnatal effects on
antibody response, the concentrations in our study are unlikely to be sufficiently high to
observe such an association. A threshold hypothesis is also supported by the early postnatal
antibody findings from the Dutch cohort. In that study, PCB-153 concentrations in maternal
serum were approximately 100 ng/g lipid,34 and no statistically significant associations were
observed between pre- or postnatal PCB/dioxin exposures and antibody concentrations to
measles, mumps, or rubella at age 18 months.

A final point to consider may be the potential effects of maternal antibody transfer on the
infant antibody response at 6 months of age. During the 2nd trimester of gestation, placental
transfer of maternal IgG begins, reaching a maximum during the 3rd trimester. After birth,
maternally-derived infant IgG concentrations decrease throughout the first year of life, and
the infant's own IgG synthesis begins.35 Thus, maternally-derived antigen-specific IgG is
already circulating through the infant's immune system during the period of primary
vaccination. This issue is illustrated graphically in Figure 1, which depicts the potential
pathways by which maternal PCBs could affect infant antibody response. In the first path
(curved, top arrow), maternal PCB concentration has a direct effect on infant antibody
concentration. In this scenario, one would hypothesize that higher maternal PCB
concentrations are associated with lower infant antibody concentrations. In the second
pathway, maternal antibody concentrations (i.e. transplacental transfer) are on the causal
pathway between maternal PCBs and infant antibody response. In this pathway, one could
hypothesize that higher maternal PCBs lead to lower maternal antibody-specific IgG levels,
which then result in higher antibody-specific IgG concentrations in the infant after
vaccination (since priming with maternal antibodies in the infant serves to suppress the
infant immune response to vaccination36-42). In fact, this scenario has been observed in
goats and their offspring who were exposed to PCB-153 during fetal development.
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Specifically, maternal doses of PCB-153 (during pregnancy) led to decreases in maternal
antibodies to influenza virus, which in turn resulted in increased influenza antibody
concentrations in the goat kid following vaccination with influenza.11 Taken as a whole,
increased maternal PCB concentrations could be exerting opposite effects on antibody
response in the infant (in one case decreasing infant antibody response through a direct
effect, and in a second case increasing infant antibody concentrations through another
pathway—transplacental transfer).

There are however a few factors which would argue against the “competing” effects of
maternal antibody-specific IgG concentrations in this study. First, 85% of the infants in our
study received 2 doses of vaccine at the time of the 6-month blood draw. This is relevant
since the suppressive effects of maternal antibodies tend to attenuate with subsequent doses
of vaccine.37, 41 Further, when we stratified our results by the number of doses received, we
saw no difference in the association between maternal PCBs and antibody response
comparing infants who received 1 versus 2 doses of vaccine. If maternal antibody transfer
did play a role in altering infant antibody response, we would have observed different
associations in each group defined by the number of doses received (since the effect of
transplacental transfer on antibody response tends to decrease with dose).

The lack of immunosuppressive results observed in this study would appear to contradict
findings from a previous study done in this cohort. In that study, an increase in total
maternal PCB concentration across the interquartile range was associated with a 3%
decrease in thymus volume.18 In a secondary data analysis, we examined the association
between infant thymus size at birth and 6-months of age in relation to the 6-month IgG
antibody measures reported here and found no association. This finding, that size of thymus
does not predict antibody response during early infancy is consistent with the results from
prospective studies of infants undergoing thymectomy, who do not show differences in
subsequent antibody response compared to controls that did not undergo the procedure.43, 44

Despite the size of our study, some limitations of our study deserve attention. First, we were
limited by the number of PCB determinations that could be carried out in 6-month infant
serum samples. As a result, the statistical power to detect some associations between 6-
month PCB concentrations and antibody response was limited. This may be particularly
important given that results from the study by Heilmann and colleagues16 suggest that
postnatal PCB exposures are most strongly associated with children's antibody response.
Finally, we were unable to quantify coplanar dioxin-like congeners in maternal, cord, and 6-
month samples. This limitation was the result of the lower concentrations of serum lipids in
cord and 6-month serum samples (compared to maternal serum), the low volume of blood
collected from 6-month-old infants, and the GC-ECD method we used to quantify PCBs,
which was more efficient and cost-effective given the number of specimens we analyzed,
compared to high-resolution mass spectrometry.

At the PCB concentrations present in this population, we observed little evidence for an
association between PCB exposures measured during the prenatal and early postnatal period
and antibody response to anti-haemophilus influenzae type b, tetanus toxoid, and diphtheria
toxoid at 6 months of age. Though our findings are null, our results add needed information
concerning the role of developmental PCB exposure on T-cell dependent immune responses
—which in human populations, is particularly limited. The possibility of other immunologic
alterations in relation to PCBs later in development remains.
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Figure 1.
Pathways by which maternal PCBs may alter infant antibody response at 6 months of age.
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Table 1

Characteristics of infants and mothers in subset selected for immunologic analysis, and those in the full cohort
followed to 6 months.

Immunology subset (n=384) Full cohort at 6 months (n=971)

Characteristic N %* N %*

Infant sex

        Male 197 51.3 495 51.0

        Female 187 48.7 476 49.0

Birth weight (grams)

        <2500 21 5.5 43 4.4

        2500-3499 213 55.5 550 56.6

        ≥3500 150 39.1 378 38.9

Gestation length (weeks)

        <37 14 3.7 32 3.3

        37-41 359 93.5 910 93.7

        ≥42 11 2.9 29 3.0

Parity

        0 173 45.1 401 41.3

        1 117 30.5 322 33.2

        2-4 83 24.2 246 25.3

        Missing 1 0.3 2 0.2

Breastfeeding duration (months)

        0 17 4.4 33 3.4

        1 - <6 196 51.0 457 47.1

        6 141 36.7 402 41.4

        Missing 30 7.8 79 8.1

Ethnicity of child

        Romani 69 18.0 189 19.5

        Slovak/eastern European 315 82.0 782 80.5

Maternal age at child's birth (years)

        18- <20 26 6.8 83 8.6

        20-30 285 74.2 716 73.7

        >30 73 19.0 172 17.7

Maternal smoking before or during pregnancy

        Yes 146 38.0 345 35.5

        No 238 62.0 626 64.5

Maternal smoking at 6-month follow-up

        Yes 93 24.2 213 21.9

        No 280 72.9 722 74.4

        Missing 11 2.9 36 3.7

*
Percents may not sum to 100 because of rounding
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